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Edited by Felix WielandAbstract The WFS1 gene, encoding an endoplasmic reticulum
(ER) membrane glycoprotein, is mutated in Wolfram syndrome
characterized by diabetes mellitus and optic atrophy. Herein,
Ca2+ dynamics were examined in WFS1-knockdown and -over-
expressing HEK293 cells. Studies using ER-targeted Ca2+-sensi-
tive photoprotein aequorin demonstrated WFS1 protein to
positively modulate ER Ca2+ levels by increasing the rate of
Ca2+ uptake. Furthermore, Ca2+ imaging with Fura-2 showed
the magnitude of the store-operated Ca2+ entry to parallel
WFS1 expression levels. These data indicate that WFS1 protein
participates in the regulation of cellular Ca2+ homeostasis, at
least partly, by modulating the ﬁlling state of the ER Ca2+ store.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Ca2+ signals control various biological functions [1] and,
thus, impaired cellular Ca2+ homeostasis underlies a wide vari-
ety of human diseases [2]. The endoplasmic reticulum (ER),
which constitutes the main intracellular Ca2+ store, plays a
central role in Ca2+ homeostasis. The ER releases Ca2+ in
response to external stimuli through the inositol 1,4,5-trisphos-
phate receptor and by a process of Ca2+-induced Ca2+ release
[3]. In addition, changes in intraluminal Ca2+ concentrations
of the ER ([Ca2+]er) regulate Ca
2+ inﬂux through the plasma
membrane, a process known as store-operated Ca2+ (SOC) en-
try [4]. Furthermore, Ca2+ in the ER also plays important roles
in the functions, such as protein folding, of this organelle. TheAbbreviations: [Ca2+]cyt, cytosolic Ca
2+ concentration; [Ca2+]er, ER
Ca2+ concentration; [Ca2+]mt, mitochondrial Ca
2+ concentration; CPA,
cyclopiazonic acid; Dox, doxycycline; ER, endoplasmic reticulum;
erAEQ, ER-targeted aequorin; SERCA, salco(endo)plasmic reticulum
Ca2+ ATPase; shRNA, short hairpin RNA; SOC, store-operated Ca2+;
TG, thapsigargin
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doi:10.1016/j.febslet.2006.09.007activities of several ERresident chaperone proteins are Ca2+-
dependent. Thus, a decrease in [Ca2+]er causes misfolding of
ER resident proteins, accumulation of which triggers the so-
called ER stress response in the cell, leading to apoptosis in
severe cases [5].
Wolfram syndrome, an autosomal recessive disorder charac-
terized by juvenile-onset diabetes mellitus and optic atrophy
[6], is caused by mutations in the WFS1 gene [7,8]. WFS1 pro-
tein, also called wolframin, consisting of 890 amino acids, is a
type II membrane protein with 9 putative transmembrane seg-
ments [9] and localizes in the ER [10]. Lack of distinct domain
structures in WFS1 protein makes it diﬃcult to identify its
functions. We [11] and others [12] recently established mutant
mice with a disrupted wfs1 gene and found that these mice
exhibited impaired glucose homeostasis. In wfs1-deﬁcient
b-cells, glucose-stimulated elevation of the cytosolic Ca2+
concentration ([Ca2+]cyt) was impaired [11], and the ER-stress
response was persistently activated [13]. In addition, wolframin
expression reportedly conferred cation channel activity and in-
creased [Ca2+]cyt levels in Xenopus oocytes [14]. These data sug-
gested WFS1 protein to play a role in cellular Ca2+
homeostasis and regulation of ER functions. Herein, by ana-
lyzing WFS1-knockdown and -overexpressing HEK293 cells,
we show that WFS1 protein modulates [Ca2+]er by positively
regulating the ER Ca2+ uptake, which is associated with
changes in the [Ca2+]cyt response evoked by Ca
2+ store deple-
tion.2. Materials and methods
2.1. Generation of WFS1-knockdown and -overexpressing HEK293 cell
clones
The human H1 promoter containing two tet operator sequences
(Fig. 1A) was generated by PCR. A DNA fragment encoding short
hairpin RNA (shRNA) against human WFS1 2254–2274 nt (GAG-
GAGCTCTGTCGCCTTAAG) were generated by PCR. HEK293-
TRex cells (Invitrogen) were transfected with the shRNA expressing
plasmid and selected against hygromycin (200 lg/ml). Two indepen-
dent clones were analyzed but data obtained with clone #36 which
had the highest knockdown eﬃciency are presented. To establish
WFS1-overexpressing clones, wild-type human WFS1 cDNA was sub-
cloned into a pTRE-Tight vector (Clontech). HEK293-rtTA cells
(Clontech) were then transfected with the pTRE-Tight derivative.
Two independent clones were analyzed but data obtained with clone
#31 with the tightest inducibility by doxycycline (Dox, 2 lg/ml) are
presented. It should be noted that WFS1-knockdown and -over-
expressing cells are based on diﬀerent HEK293 cell transformants,blished by Elsevier B.V. All rights reserved.
Fig. 1. Reduced ER Ca2+ concentrations in WFS1-knockdown cells. (A) A part of sequence of the modiﬁed human H1 promoter (H1PdTO)
containing two tet-operator sequences (underlined) is aligned with the wild-type H1 promoter (H1PWT). (B) Expression of WFS1 protein was
knocked down in HEK293 cells expressing shRNA against the WFS1 transcript by treatment with Dox (2 lg/ml) for 3 days. (C) Cells loaded with
Fura-2 were perfused in Ca2+-free solution, and TG (1 lM) was then added, followed by ionomycin (10 lM). Small and comparable ionomycin-
induced Ca2+ rises indicated that TG eﬃciency for emptying ER Ca2+ were similar between control and WFS1-knockdown cells. Traces are averages
of 37 control (thin line) and 41 knockdown (thick line) cells from 3 experiments. (D) Peak amplitudes of TG-induced [Ca2+]cyt were quantiﬁed. Gray
bar, control cells (n = 37); Black bar, WFS1-knockdown cells (n = 41). (E) [Ca2+]er in WFS1-knockdown cells measured using erAEQ. Cells
transfected with an erAEQ plasmid were perfused with Ca2+-free solution, followed by readdition of Ca2+. Traces are representative of six perfusions
each of control (thin line) and WFS1-knockdown (thick line) cells. (F) Plateau [Ca2+]er levels in control (gray bar) and WFS1-knockdown (black bar)
cells are compared (n = 6). (G) [Ca2+]er measured with erAEQ in permeabilized cells. Traces are representative of four perfusions each of control (thin
line) and WFS1-knockdown (thick line) cells. (H) Plateau [Ca2+]er levels in permeabilized control (gray bar) and WFS1-knockdown (black bar) cells
are compared (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001.
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expressing experiments.
2.2. Immunodetection
HEK293 cell transformants treated with or without Dox were dis-
solved in 1· SDS-sample buﬀer. Cellular lysates were subjected to
SDS–PAGE and were probed with rabbit anti-WFS1 [11], anti-actin
or anti-salco(endo)plasmic reticulum Ca2+ ATPase (SERCA)-2 anti-
body (Sigma). Detection was accomplished with chemiluminescence
(Amersham). HEK293 cell transformants were also ﬁxed with 4%
paraformaldehyde, permeabilized, and probed with anti-WFS1 anti-
body. For double staining, cells were incubated with 50 nMMitoTrac-
ker Red (Molecular Probes) for 30 min at 37 C before ﬁxation. The
ﬂuorescent signal was observed with an FV1000 microscope system
(Olympus).2.3. Aequorin measurement
We built our own luminescence measurement apparatus using a pho-
tomultiplier (H7360-1: Hamamatsu Photonics) and a photon counting
board (M8784: Hamamatsu Photonics). For measurement of [Ca2+]er,
cells seeded on coverslips and transfected with ER-targeted aequorin
(erAEQ) cDNA [15] were incubated in Ca2+-free solution containing
2 mM EGTA and 10 lM cyclopiazonic acid (CPA) to deplete ER
Ca2+ and erAEQ was reconstituted with 5 lM n-coelenterazine (Bio-
tium) for 60 min at 4 C. Cells on coverslips were placed on the lumi-
nescence measurement apparatus and perfused at a ﬂow rate of 1.5 ml/
min of physiological salt solution. Experiments were terminated by
lysing the cells with 100 lM digitonin in Ca2+-rich solution. In some
cases, cells were permeabilized with a 30 s treatment with 40 lM
b-escin. Cells were ﬁrst perfused with an intracellular type buﬀer con-
taining 1 mM EGTA (without addition of CaCl2), followed by a buﬀer
D. Takei et al. / FEBS Letters 580 (2006) 5635–5640 5637adjusted to approximately 100 nM free Ca2+ (140 mM KCl, 5 mM
NaCl, 7 mM MgSO4, 20 mM HEPES, pH 7.0, 10 mM ATP,
10.2 mM EGTA, 1.65 mM CaCl2) at 37 C. [Ca2+]mt was measured
according to a published method [16].
2.4. Ca2+ imaging using Fura-2 and Mn2+ quench analysis
Fluorescent images of single cells loaded with 1 lM Fura-2 acet-
oxymethyl ester were generated by alternate excitations at 340 and
380 nm every 10 s in physiological salt solution at 25–27 C. [Ca2+]cyt
was calculated as reported previously [17]. For Mn2+ quench
experiments [18], cells were perfused in Ca2+ free solution supple-
mented with thapsigargin (1 lM), followed by addition of Mn2+
(30 lM). Single-cell images (excitation 360 nm, emission 510 nm) were
then captured.2.5. Statistical analysis
Data are presented as means ± S.E. Diﬀerences between groups were
assessed by Student’s t-test for unpaired data.3. Results and discussion
3.1. The free Ca2+ concentration in the ER is reduced in WFS1-
knockdown cells
We generated WFS1-knockdown HEK293 cell clones in
which WFS1 protein expression was suppressed by expressing
short hairpin RNA (shRNA) against the WFS1 transcript via
a doxycycline (Dox)-inducible promoter (Fig. 1A). HEK293
cells were selected because they express WFS1 protein and lack
voltage-dependent Ca2+ channels, simplifying data interpreta-
tion. As shown in Fig. 1B, Dox-treatment caused nearly 100%
knockdown of WFS1 protein expression.
We ﬁrst examined the eﬀects of WFS1-deﬁciency on Ca2+ re-
lease from the ER induced by thapsigargin (TG), an inhibitor
of salco(endo)plasmic reticulum Ca2+ ATPase (SERCA).
When WFS1-knockdown cells were challenged with TG in
the absence of extracellular Ca2+, [Ca2+]cyt elevation as mea-
sured with Fura-2 was blunted in comparison with that in con-
trol cells (Fig. 1C and D), suggesting ER Ca2+ content to be
decreased in WFS1-knockdown cells. We, thus, directly mea-
sured [Ca2+]er using ER-targeted aequorin (erAEQ) [15] in
WFS1-knockdown cells. Knockdown of WFS1 expression
was associated with a [Ca2+]er decrease (Fig. 1E and F). To
investigate whether reductions in [Ca2+]er were direct WFS1
knockdown eﬀects on the ER, we studied the [Ca2+]er in
WFS1-knockdown cells permeabilized with b-escin. Permeabi-
lized cells were perfused with Ca2+-free intracellular type buf-
fer, which was switched to a buﬀer containing the Ca2+
concentration of approximately 100 nM and 10 mM ATP.
The [Ca2+]er were gradually increased with 35% lower plateaus
in WFS1-knockdown than in control cells (Fig. 1G and H).
These data indicated the eﬀects of WFS1 knockdown on
[Ca2+]er to not be indirect, i.e. to not occur via the plasma
membrane or cytosolic factors. Importantly, the initial rate
of Ca2+ reﬁlling was lower in WFS1-knockdown than in con-
trol cells (Fig. 1G; 1.88 ± 0.19 vs. 1.10 ± 0.22 lM/s for control
(n = 4) and knockdown (n = 4) cells, P < 0.05), indicating
involvement of WFS1 protein in Ca2+ uptake by the ER.
3.2. The Ca2+ concentration in the ER is increased in WFS1-
overexpressing cells
We also generated HEK293 cell clones Dox-dependently
overexpressing wild-type WFS1 protein. Dox-treatment in-
duced high level expression of WFS1 protein with a reticularpattern typical for ER localization (Fig. 2A). Overexpressed
WFS1 protein did not colocalize with a mitochondrial marker,
MitoTracker Red (Fig. 2B). When [Ca2+]er were measured
using erAEQ, [Ca2+]er were signiﬁcantly higher in WFS1-over-
expressing than in control cells (Fig. 2C and D). Analysis in
permeabilized cells revealed WFS1-overxpression to result in
higher plateau [Ca2+]er levels (Fig. 2E and F) and greater initial
Ca2+ uptake rates (Fig. 2E; 1.42 ± 0.17 vs. 2.37 ± 0.21 lM/s
for control (n = 7) and overexpressing (n = 7) cells, P < 0.01),
indicating WFS1-protein to activate Ca2+ uptake by the ER.
To gain insight into the increased [Ca2+]er associated with
WFS1 overexpression, we next studied Ca2+ reﬁlling of the
ER in the presence of cyclopiazonic acid (CPA), another SER-
CA inhibitor (Fig. 2G). Reﬁlling of Ca2+ in intact WFS1-over-
expressing cells was inhibited as potently as that in control
cells, indicating Ca2+ uptake to also be mediated by the SER-
CA Ca2+ pump in WFS1-overexpressing cells. We then studied
expression of SERCA2, a major isoform of SERCA in
HEK293 cells, and found no diﬀerence in its expression be-
tween WFS1-overexpressing and control cells (Fig. 2H). These
results suggest WFS1 protein to modulate intrinsic activity of
the SERCA Ca2+ pump. Future studies should be designed to
elucidate molecular mechanisms of interaction between SER-
CA and WFS1 proteins.3.3. SOC entry is modulated in WFS1-knockdown and
-overexpressing cells
ER Ca2+ homeostasis aﬀects cytosolic Ca2+ signaling [4]. We
thus studied [Ca2+]cyt dynamics after ER Ca
2+ depletion in
WFS1-knockdown and -overexpressing cells. When cells were
treated with TG in the absence of extracellular Ca2+, emptying
the ER Ca2+ store, and then readded with Ca2+, [Ca2+]cyt re-
sponses were lower in WFS1-knockdown (Fig. 3A and B) and
higher in WFS1-overexpressing (Fig. 3C and D) cells, as com-
pared to those in control cells. The muscarinic agonist carba-
chol is known to induce Ca2+ release from the ER and
subsequent Ca2+ inﬂux through the plasma membrane. Carba-
chol-induced increases in [Ca2+]cyt in the presence of extracellu-
lar Ca2+, especially during the declining phase of the Ca2+
transient, were also greater in WFS1-overexpressing cells
(Fig. 3E).
Modulation of Ca2+ inﬂux through SOC channels could be
responsible for the observed Ca2+ responses after store deple-
tion. Thus, Ca2+ inﬂux after depletion of the ER Ca2+ store
was directly monitored with a Mn2+ quench technique [18].
We found the initial Mn2+ quenching rates to be slower in
WFS1-knockdown cells (Fig. 3F; 100 ± 3.12 vs. 70.48 ± 3.33
(arbitrary units) for control (n = 96) and knockdown
(n = 109) cells, P < 0.001) and faster in WFS1-overexpressing
cells (traces not shown, 100 ± 5.73 vs. 136.48 ± 7.64 for control
(n = 124) and overexpressing (n = 127) cells, P < 0.01) than in
control cells.
Since the uptake of Ca2+ bymitochondriamodulates [Ca2+]cyt
[19], changes in mitochondrial Ca2+ uptake could theoretically
be another factor aﬀecting the [Ca2+]cyt response in WFS1-
knockdown and -overexpressing cells. Mitochondrial Ca2+
concentrations ([Ca2+]mt) were, thus, studied using mitochon-
drial-targeted aequorin upon Ca2+ readdition after CPA-in-
duced store depletion. [Ca2+]mt was essentially unaltered in
WFS1-knockdown cells (Fig. 3G), although the peak [Ca2+]mt
was slightly decreased (1.26 ± 0.07 vs. 1.04 ± 0.04 lM for
Fig. 2. Increased ER Ca2+ concentrations in WFS1-overexpressing cells. (A) Overexpression of WFS1 was induced by treatment with Dox (2 lg/ml)
for three days. Note that our WFS1 antibody detected endogenous WFS1 on Western blotting but was not sensitive enough to detect it on
immunohistochemistry in HEK293 cells. Bars, 4 lm. (B) WFS1-overexpressing cells were incubated with 50 nM MitoTracker Red before ﬁxation
and stained using an anti-WFS1-antibody. Bar, 4 lm. (C) [Ca2+]er in WFS1-overexpressing cells. Traces are representative of 10 perfusions each of
control (thin line) and WFS1-overexpressing (thick line) cells. (D) Plateau [Ca2+]er levels in control (gray bar) and WFS1-overexpressing (black
bar) cells are compared (n = 10). (E) [Ca2+]er in permeabilized WFS1-overexpressing cells. Traces are representative of seven perfusions each of
control (thin line) and WFS1-overexpressing (thick line) cells. (F) Plateau [Ca2+]er levels in permeabilized control (gray bar) and WFS1-
overexpressing (black bar) cells are compared (n = 7). (G) [Ca2+]er measured in intact control (thin line) and WFS1-overexpressing (thick line) cells in
the presence of cyclopiazonic acid (CPA). Traces are representative of three perfusions. (H) Immunoblot of SERCA2 in WFS1-overexpressing cells.
The blot shown is representative of three independent experiments. *P < 0.05.
5638 D. Takei et al. / FEBS Letters 580 (2006) 5635–5640control (n = 7) and knockdown (n = 7) cells, P < 0.05). Thus,
the decrease in the [Ca2+]cyt response inWFS1-knockdown cells
was not due to an increase in mitochondrial Ca2+ uptake. Con-
versely, inWFS1-overexpressing cells, [Ca2+]mt uponCa
2+ read-
ditionwas increased (Fig. 3H; 1.36 ± 0.05 vs. 1.76 ± 0.04 lMfor
control (n = 7) and overexpressing (n = 7) cells, P < 0.001),
excluding the possibility of the enhanced [Ca2+]cyt response
being due to reduced Ca2+ uptake by mitochondria. Taken to-
gether, these data indicated altered [Ca2+]cyt responses afterdepletion of ER Ca2+ stores in WFS1-knockdown and -over-
expressing cells to be not due to changes in mitochondrial
Ca2+ uptake but due to changes in SOC entry.
Decreased SOC entry associated with reduced ER Ca2+ lev-
els was previously reported in cells overexpressing the proa-
poptotic protein Bcl-2 [19,20] and in cells expressing
presenilin mutants linked to familial Alzheimer’s disease [21].
It was suggested that a reduction in [Ca2+]er levels decreased
SOC inﬂux by an adaptive downregulation of the pathway
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Fig. 3. Modulation of SOC entry in WFS1-knockdown and -overexpressing cells. (A) [Ca2+]cyt responses to Ca
2+ readdition after Ca2+ store
depletion was analyzed with Fura-2 in control (thin line) and WFS1-knockdown (thick line) cells. Traces are averages of 62 control and 64 WFS1-
knockdown cells from four experiments. (B) Areas under the curves (AUCs), in response to Ca2+ readdition in (A), were quantiﬁed. Gray bar,
control cells (n = 62); Black bar, WFS1-knockdown cells (n = 64). (C) [Ca2+]cyt responses to Ca
2+ readdition after Ca2+ store depletion in control
(thin line) and WFS1-overexpressing (thick line) cells. Traces are averages of 51 control and 65 WFS1-overexpressing cells from three experiments.
(D) AUCs in response to Ca2+ readdition in (C) were quantiﬁed. Gray bar, control cells (n = 51); Black bar, WFS1-overexpressing cells (n = 65). (E)
Carbachol-stimulated [Ca2+]cyt increases in control (thin line: n = 39) and WFS1-overexpressing (thick line: n = 40) cells. (F) Ca
2+ inﬂux was
evaluated by Mn2+ quench assay in WFS1-knockdown cells. Traces are averages of 96 control (thin line) and 109 knockdown (thick line) cells from
six experiments. (G) [Ca2+]mt responses to Ca
2+ readdition after ER store depletion in control (thin line) and WFS1-knockdown (thick line) cells.
Traces are representative of 7 perfusions. (H) [Ca2+]mt responses to Ca
2+ readdition after ER store depletion in control (thin line) and WFS1-
overexpressing (thick line) cells. Traces are representative of seven perfusions. ***P < 0.001.
D. Takei et al. / FEBS Letters 580 (2006) 5635–5640 5639for activating SOC inﬂux [19]. However, reduced ER Ca2+ lev-
els were not always associated with a decrease in SOC entry;
reduced ER Ca2+ levels without alteration in SOC entry were
reported in BAX and BAK double-knockout cells [22]. In
addition to changes in cytosolic Ca2+ dynamics, increased
Ca2+ uptake into mitochondria was observed upon Ca2+ read-
dition after CPA-induced store depletion in WFS1-over-
expressing cells. A simple explanation for this was that theincreased Ca2+ uptake might be due to elevated SOC inﬂux.
Alternatively, increased [Ca2+]er might enhance Ca
2+ supply
to the mitochondria upon store depletion and activated mito-
chondrial function. The close relationship between the ER and
mitochondria was recently established [23], and supports this
notion. Further studies are needed to clarify the relation be-
tween the ER Ca2+ store ﬁlling state and responses of [Ca2+]cyt
and [Ca2+]mt in WFS1-knockdown and -overexpressing cells.
5640 D. Takei et al. / FEBS Letters 580 (2006) 5635–5640The present data indicate WFS1 protein, an enigmatic pro-
tein, to play a role in regulating cellular Ca2+ homeostasis,
at least partly, by modifying the ﬁlling state of the ER Ca2+
store. Our previous results demonstrated that WFS1-deﬁciency
causes increased ER-stress in pancreatic b-cells but not in cells
from the heart, skeletal muscle or brown adipose tissues [13].
In pancreatic b-cells, which produce large quantities of insulin,
there is a greater load on the ER. Impaired ER Ca2+ homeo-
stasis is known to cause or exacerbate ER stress [24]. It is pos-
sible that combined eﬀects of reduced [Ca2+]er and a greater
load on the ER induce ER stress speciﬁcally in b-cells. Our
present data, thus, provide clues to elucidating not only
WFS1 functions but also the molecular mechanisms underly-
ing b-cell failure in Wolfram syndrome.
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